The staphylococcal multiresistance plasmids are key contributors to the alarming rise in bacterial multidrug resistance. A conserved replication initiator, RepA, encoded on these plasmids is essential for their propagation. RepA proteins consist of flexibly linked N-terminal (NTD) and C-terminal (CTD) domains. Despite their essential role in replication, the molecular basis for RepA function is unknown. Here we describe a complete structural and functional dissection of RepA proteins. Unexpectedly, both the RepA NTD and CTD show similarity to the corresponding domains of the bacterial primosome protein, DnaD. Although the RepA and DnaD NTD both contain winged helix-turn-helices, the DnaD NTD self-assembles into large scaffolds whereas the tetrameric RepA NTD binds DNA iterons using a newly described DNA binding mode. Strikingly, structural and atomic force microscopy data reveal that the NTD tetramer mediates DNA bridging, suggesting a molecular mechanism for origin handcuffing. Finally, data show that the RepA CTD interacts with the host DnaG primase, which binds the replicative helicase. Thus, these combined data reveal the molecular mechanism by which RepA mediates the specific replicon assembly of staphylococcal multiresistant plasmids.
T he emergence of multidrug-resistant bacteria is a mounting global health crisis. In particular, multidrug-resistant Staphylococcus aureus is a major cause of nosocomial and communityacquired infections and is resistant to most antibiotics commonly used for patient treatment (1) . Hospital intensive care units in many countries, including the United States, now report methicillin-resistant S. aureus infection rates exceeding 50% (2, 3) . Antibiotic resistance in contemporary infectious S. aureus strains, such as in hospitals, is often encoded by plasmids that can be transmitted between strains via horizontal DNA transfer mechanisms. These plasmids are typically classified as small (<5 kb) multicopy plasmids, which usually encode only a single resistance gene; medium-sized (8-40 kb) multirestance plasmids that confer resistance to multiple antibiotics, disinfectants, and/or heavy metals; and large (>40 kb) conjugative multiresistance plasmids that additionally encode a conjugative DNA transfer mechanism (4) (5) (6) . Importantly, sequence analyses have shown that most staphylococcal conjugative and nonconjugative multiresistance plasmids encode a highly conserved replication initiation protein, denoted RepA_N (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . RepA_N proteins are also encoded by plasmids from other Gram-positive bacteria as well as by some phage, underscoring their ubiquitous nature (10) . These RepA proteins are essential for replication of multiresistance plasmids, and hence plasmid carriage and dissemination, yet the mechanisms by which these proteins function in replication are currently unknown.
The DNA replication cycle can be divided into three stages: initiation, elongation, and termination. Replication initiation proteins (RepA) mediate the crucial first step of initiation. Bacterial chromosome replication is initiated by the chromosomal replication initiator protein, DnaA, which binds the origin and recruits the replication components known as the primosome (16) . In Gram-negative bacteria the primosome includes DnaG primase, the replicative helicase (DnaB), and DnaC (17) . Replication initiation in Gram-positive bacteria involves DnaG primase and helicase (DnaC) and the proteins DnaD, DnaI, and DnaB (18) (19) (20) (21) (22) . DnaD binds first to DnaA at the origin. This is followed by binding of DnaI/DnaB and DnaG, which together recruit the replicative helicase (23, 24). Instead of DnaA, plasmids encode and use their own specific replication initiator binding protein. Structures are only available for RepA proteins (F, R6K, and pPS10 Rep) harbored in Gram-negative bacteria. These proteins contain winged helix-turn-helix (winged HTH) domains and bind iteron DNA as monomers to, in some still unclear manner, drive replicon assembly (25-27).
Replication mechanisms used by plasmids harbored in Grampositive bacteria are less well understood and are distinct from their Gram-negative counterparts. Indeed, most plasmid RepA proteins in Gram-negative and Gram-positive bacteria show no sequence homology and seem to be unrelated. The multiresistance RepA proteins are arguably among the most abundant of plasmid Rep proteins, yet how they function is not known. Data suggest that these proteins are composed of three main regions: an N-terminal domain (NTD) consisting of ∼120 aa, a long and variable linker region (∼30-50 residues), and a C-terminal domain (CTD) of ∼120 residues (28-31). The NTD and CTD are both essential for replication. The NTD exhibits the highest level of sequence conservation, which has resulted in the designation of plasmids that encode these proteins as the RepA_N replicon family (10) . Although not as well conserved as the NTD, RepA CTD regions show homology between plasmids found in
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The large staphylococcal multiresistance plasmids harbored in Gram-positive pathogens contribute significantly to the spread of multidrug-resistant bacteria and are typified by the presence of a highly conserved replication initiator protein, RepA, which is required for plasmid retention. RepA proteins contain N-terminal (NTD) and C-terminal (CTD) domains, which are both required for replication. We show that the RepA NTD and CTD show striking homology to the host primosome protein DnaD yet perform distinct functions; the NTD binds origin DNA in a novel manner and the CTD recruits the replicative helicase. Moreover, NTD-DNA structures reveal the first mechanism of origin handcuffing. Combined, the data unveil the minimal mechanism by which multiresistance plasmids mediate origin assembly via the highly conserved RepA protein.
genus-specific clusters, suggesting that this domain may perform a host-specific role (28-32). Although the function of the RepA CTD remains enigmatic, recent studies have indicated that the NTD mediates DNA binding and interacts with iterons that reside within the plasmid origin (30). The essential roles played by RepA proteins in multiresistance plasmid retention marks them as attractive targets for the development of specific chemotherapeutics. However, the successful design of such compounds necessitates structural and mechanistic insight. Here, we describe a detailed dissection of the RepA proteins from the multiresistance plasmids pSK41 and pTZ2126. The combined data reveal the molecular underpinnings of a minimalist replication assembly mediated by multiresistance RepA proteins.
Results and Discussion
Structure of the RepA NTD Contains a Winged HTH with a Unique Dimer-of-Dimers Arrangement. To gain insight into the function of the RepA NTD, which is conserved in more than 100 proteins, structures were determined of the pSK41 and pTZ2162 RepA NTDs. The pSK41 NTD structure was determined first to 2.60 Å (Table S1 ). The structure revealed that the RepA NTD has an overall fold composed of a central winged HTH (residues 33-112) flanked by an N-terminal helix-strand-helix (residues 1-27) and C-terminal helix-loop motif (residues 116-132), with overall topology [α1(residues 8- (Fig.  1A) . The helix-strand-helix and C-terminal helix function as oligomerization elements to create an extensive dimer-of-dimers or tetramer ( Fig. 1 B and C) . To form dimers, the β1 strands from two NTDs interdigitate via antiparallel interactions. The dimer is further stabilized by multiple contacts between residues in helices α1 and α6 (Fig. 1B) . The resultant dimer interface is extensive and buries 2,005 Å 2 of protein surface from solvent. The RepA tetramer is created by the orthogonal packing of two NTD dimers. Key to the formation of this compact tetramer is the deep insertion of the N-terminal tails of each subunit into complementary hydrophobic cavities located at the junction of β2-β3 and α3 (Fig. 1C) . The residues mediating oligomerization are highly conserved (Fig. S1 ). Moreover, tetramer formation buries 6,865 Å 2 of surface area, supporting the notion that RepA is tetrameric.
A second pSK41 RepA NTD structure was solved to 3.20 Å and two structures of the pTZ2162 RepA NTD (70% identical to pSK41 NTD) were determined to 2.35 Å and 2.45 Å. Notably, all of the structures revealed the same tetramer, which can be superimposed with rmsds of 0.56-0.78 Å (Fig. 1D) . The expansive surface area buried by tetramer formation as well as the fact that four different crystal structures revealed the same tetramer provided compelling support that the RepA NTD is tetrameric. However, to assess the NTD oligomeric state in solution, sizeexclusion chromatography (SEC) and small-angle X-ray scattering (SAXS) studies were carried out. SEC experiments revealed that both the pTZ2162 and pSK41 RepA NTDs eluted as tetramers (Fig. 1E) . SAXS data analysis produced radius-ofgyration (R g ) values for the pTZ2162 RepA NTD and pSK41 RepA NTD of ∼29 Å and 30 Å, which compares well with the calculated tetrameric R g s of 27 and 26 Å, but not with the R g values for monomers and dimers of 18 Å and 20 Å, respectively (Fig. 1F) . Thus, the collective data all support that the RepA NTD is tetrameric. The large number of conserved RepA proteins, and specifically the RepA NTD, has led the National Center for Biotechnology Information (NCBI) Conserved Domain Database to classify RepA_N as its own NCBI category, pfam-6970 (10) . The unique tetrameric fold revealed by the RepA NTD structures can now be assigned to this ubiquitous and important protein superfamily.
It is notable that the multiresistance RepA proteins contain a winged HTH, because structures of the F, R6K, and pPS10 RepA proteins encoded on plasmids harbored in Gram-negative bacteria also contain this motif (26, 27). The winged HTH elements, however, are the only shared structural feature of these two Rep families; in contrast to pSK41 and pTZ2162 RepA, the F, R6K, and pPS10 RepA proteins consist of two tandem winged HTH domains and function as monomers (26, 27). Thus, these RepA proteins belong to distinct structural families. To identify possible structural homologs of the RepA NTD, database searches were performed. The only protein that showed homology with RepA was the NTD of the Geobacillus kaustophilus DnaD protein (PDB ID code 2VN2), which although only sharing 13% sequence identity with RepA forms similar oligomeric arrangements (33). The DnaD and RepA subunits and dimers can be superimposed with rmsds of 3.0 Å and 3.5 Å, respectively (Fig. 1D ). The C-terminal regions of the protein, however, differ, leading to the formation of distinct tetramers (rmsd of 5.0 Å) (Fig. 1D, Center) . Although the DnaD and RepA NTDs display structural similarities they perform diverse functions. Specifically, the DnaD NTD does not bind DNA but selfassembles into large scaffold structures, aiding primosome assembly, and the RepA NTD carries out the key role of DNA iteron binding at the plasmid origin (30). RepA NTD-DNA Structure Reveals Basis for Iteron Recognition. Iterons boxes bound by the RepA_N family of proteins consist of repeats that are ∼20-25 bp (10, 29, 30) . Plasmid origins typically contain three and sometimes four such boxes. Although boxes bound by different RepA proteins are divergent, they all contain extended AT tracts, usually located in the center of each repeat (10) . DNase I protection studies demonstrated that pSK41 RepA binding led to a periodic and nearly complete protection of the iteron region, and electrophoretic mobility shift experiments, which revealed a single supershift upon RepA addition, indicated that RepA binding is cooperative (30). To gain insight into how multiresistance RepA proteins recognize iteron DNA, the structure of the pTZ2162 RepA NTD bound to a 32mer based on pTZ2162 iteron 2 was determined to 3.09 Å (Fig. 2A) (SI Methods and Table S2 ). To obtain crystals, excess protein over DNA was necessary and in the structure only one dimer of the tetramer is bound to the 32mer DNA. The recognition helices, α5, of each HTH (α4-α5) of the RepA dimer dock onto the DNA major grooves, and the wings insert into the adjacent minor grooves (Fig. 2 A and B) . Except for folding of the wings, which are largely disordered in the apo structures, there are no structural changes in the RepA NTD tetramer upon DNA binding (rmsd of 0.8 Å for Cα superimposition of DNA-bound and apo forms). However, to accommodate binding of consecutive RepA winged HTH elements, the DNA is significantly bent at the central AT-rich region by 30°. Because AT tracts are known to be intrinsically bent, the finding that RepA-bound iterons must be distorted to bind RepA_N proteins suggests an explanation for the conservation of AT tracts in their origins (10, 34) . Consistent with this supposition, fluorescence polarization (FP) DNA binding assays revealed that substitution of the AT-rich region to a GC tract reduced the binding affinity of RepA by ∼10-fold (Fig. 2C) . In addition to the compressed central minor groove, the major grooves where the recognition helices dock are widened (13 Å compared with 11 Å for B-DNA) and the wings that bind near the ends of the DNA cause distortion, including DNA untwisting. These DNA deformations suggest that RepA may participate in or facilitate DNA melting. Indeed, FP studies show that the NTD can bind ssDNA, which could aid and stabilize origin strand opening (Fig. S2 ).
The distorted DNA adopts an optimal shape for interacting with the electropositive RepA NTD, as well as for permitting direct protein-DNA contacts by the wings and recognition helices of the HTHs (Fig. 2 B and D) . The deep insertion of the wing is made possible by the presence of Gly101 at the tip of the wing. As expected given its key role in DNA binding, this glycine is one of the most conserved residues among these RepA proteins (Fig. S1 ). The long side chain of wing residue Arg99 recognizes O2 moieties on adjacent pyrimidine nucleotides (Fig.  2D) . Wing residues Leu102 and Asn103 make additional base interactions. Resides from the recognition helices provide further specificity in RepA DNA recognition by reading nucleobases in the major grooves. Lys79 hydrogen bonds to the O6 atom of conserved guanines and Glu80 reads the N6 atoms of adenosine bases and also the O2 atom of a thymine. Finally, Thr83 is positioned to make van der Waals contacts to thymines. In sum, the pTZ2162 RepA NTD-iteron structure indicates that base-specific contacts and DNA deformability, in particular that mediated by the central AT-rich region, are key for RepA DNA binding specificity. The pTZ2162 RepA NTD-iteron structure was obtained using a 32-bp element that contained the 23-bp predicted iteron box as well as regions 5′ and 3′ of the repeat because the minimal motif required for specific binding by a single RepA unit had been unclear (29-31). Unexpectedly, the structure revealed that the minimal site required to permit optimal contacts to the DNA extended beyond the 23mer motif such that the wings of adjacently bound dimers would insert into the same minor groove (Fig. 2E , Top). Modeling indicates that these consecutively bound wings could occupy the same minor groove without overlap or clash. Interestingly, this modeling exercise also suggests the possibility that, in addition to possible wing-wing contacts, adjacently bound RepA proteins could interact (Fig. 2E) . Thus, DNA binding cooperativity could arise from minor groove widening by binding the first wing (allowing the second to bind more readily), wing-wing contacts, and/or interactions between RepA molecules outside the wing region. The cooperative interaction of multiple RepA proteins to successive Rep boxes could amplify local untwisting of the DNA.
Because excess protein was required to obtain the pTZ2162 RepA NTD-iteron crystals, only one NTD dimer of the tetramer was bound to DNA. However, modeling shows that each dimer of the tetramer could bind Rep boxes located on distinct DNA duplexes simultaneously to mediate bridging (Fig. 2E , Middle). By contrast, one RepA tetramer could not wrap two consecutive Rep boxes on the same strand about itself because, as noted, RepA molecules bind close in space to directly abutted iterons. Hence, looping within a single origin would require that RepA proteins bind to nonconsecutive iterons (e.g., iterons 1-3, 1-4, or 2-4). However, DNase I protection studies on RepA-origin interactions clearly revealed that when RepA binds, every box is protected, which would not be consistent with nonconsecutive looping (28-30). Moreover, the pattern of protection in the footprints is strikingly periodic, which indicates essentially identical modes of RepA binding to each iteron, in particular for boxes 2-4 in the pSK41 origin (Fig. S3 ) (30). Box 1 is also protected but compared with boxes 2-4 shows a slightly altered pattern, likely owing to its departure from the iteron consensus. Nonetheless, the combined data indicate that the origin iterons are bound by adjacent RepA proteins. Interestingly, however, the RepA proteins bound to all of the iterons within an origin would each have one of its dimer faces free for potential interaction with DNA at a distance or on a separate duplex. Hence, to probe the possible higher-order structures that may be formed by RepA on DNA, atomic force microscopy (AFM) was used. For AFM studies, DNA sites containing the pSK41 and pTZ2162 iteron boxes embedded at the center of 700-bp DNA fragments were used (SI Methods). Samples containing pTZ2162 or pSK41 RepA NTD formed similar complexes. Consistent with modeling, the images reveal no looping within one DNA duplex and the entire central, iteron-containing regions are occupied by RepA proteins (Fig. S4) . Strikingly, however, when complexes were imaged with high DNA concentrations (SI Methods) all images revealed that two separate DNA strands are linked together between RepA molecules, indicating that the RepAbound tetramers can mediate DNA bridging (Fig. 3 A-C, i-iii). The DNA bridging visualized by AFM suggests a molecular mechanism for an important means of plasmid copy number regulation termed "handcuffing." Regulation of replication is essential for stable plasmid retention in host cells. Plasmids must be kept to a minimum to avert metabolic overburdening of the host cell and out-competition by cells with fewer plasmids. RepA_N replicons are known to be regulated via antisense RNA molecules, which prevent excess RepA expression and as a result the overproduction of plasmids (10) . However, studies indicate that multiple mechanisms of replicon regulation provide optimal control of replication and copy number production (35). Handcuffing sterically hinders the initiation process and prevents overreplication. Although Chattoraj and coworkers (35) proposed this mechanism decades ago, how the monomeric F, R6K, and psS10 RepA proteins could mediate this process has been unclear. RepA tetramer-mediated bridging suggests an ideal molecular mechanism to explain handcuffing. Further evidence for RepA DNA bridging was provided by a pTZ2162 RepA NTD-15mer crystal structure (3.6 Å resolution), which showed two DNA duplexes sandwiched between a RepA tetramer (Fig. S5) .
Isothermal titration calorimetry (ITC), which can provide binding stoichiometries, was next used to probe DNA binding and possible DNA bridging by the pTZ2162 and pSK41 RepA NTDs. The resulting isotherms of the NTDs binding to single iteron DNA sites revealed stoichiometries of one RepA NTD dimer:one DNA duplex, or one RepA NTD tetramer binding to two DNA molecules, for both pTZ2162 and pSK41 RepA, consistent with DNA bridging (Fig. 3D ). To provide a final assessment of RepA NTD-mediated DNA bridging, SAXS experiments were carried out on the pTZ2162 RepA NTD in complex with a 100-bp iteron-containing DNA site. A model constructed of a RepA NTD tetramer bridged between two 100mer DNA sites provided the best fit to the SAXS data (R g of the model was 87 Å and the data were 87 ± 5 Å) (SI Methods and Fig. S6 ). Thus, AFM, X-ray crystallography, ITC, and SAXS analyses all provide support for a RepA_N-mediated DNA handcuffing model (Fig. 3E ). the RepA CTD is also required for replication, yet its role(s) in this process are unknown. To assess whether the CTD interacts with the NTD and whether it may play a role in DNA binding or organization of the Rep boxes, AFM was performed on samples containing separated domains of pTZ2162 RepA (the NTD and CTD) with DNA700. The resulting images were indistinguishable from those obtained from the RepA NTD-DNA700 samples (Fig. 3C, i-iii) . These data are consistent with previous studies demonstrating that the CTD binds neither DNA nor the NTD (30). Our FP studies also indicated that the CTD does not bind either DNA or the RepA NTD-DNA complex (Fig. S7) . The CTD sequence revealed no insight into its function. However, although not as generally conserved as the NTD, the RepA CTD shows strong sequence homology between RepA_N plasmids in genus-specific clusters, suggesting that it may perform hostspecific functions necessary for replication. To gain insight into possible role(s) of the RepA CTD, the structure of the pTZ2162 CTD was solved to 3.4 Å resolution. To obtain well-diffracting crystals, a fusion protein was produced in which the pTZ2162 CTD was attached to the C terminus of the maltose binding protein (MBP) ( Table S2 ). The structure shows that the RepA CTD folds into a compact structure composed of five helices. Helices α1 and α2 pack against a three-helix bundle formed by α3, α4, and α5 (Fig. 4A and Fig. S8 ). No CTD oligomers were observed in the structure, suggesting that this domain may be monomeric. Indeed, SAXS studies, revealing an experimentally derived R g value of 16 Å, were consistent with the CTD monomer R g (17 Å) (Fig. 4B) . Finally, the SAXS data were of sufficient quality to use in de novo envelope calculations and docking of the CTD into the envelope produced an excellent fit (Fig. 4B) . Thus, the combined data support that the RepA CTD exists as a monomeric entity, flexibly tethered to the DNA-bound NTD.
Database searches revealed that the RepA CTD shared the strongest structural homology to the Enterococcus faecalis DnaD CTD (rmsd of 2.9 Å for overlay of 67 Cα atoms) (PDB ID code 2I5U) (Fig. 4 C and D) . This was a striking finding given that the RepA NTD was found to harbor structural similarity to the DnaD NTD. The CTD RepA and DnaD regions show stronger homology than the corresponding NTDs, which, as noted, have different functions. Whether the roles of the RepA and DnaD CTDs have also diverged is unclear. In Bacillus subtilis, DnaD plays a central role in replication origin assembly by mediating recruitment of essential replication proteins. To determine whether the RepA CTD interacts with replication factors or any proteins in its S. aureus host, yeast two-hybrid (Y2H) analyses were carried out. First, Y2H showed that both full-length (FL) RepA and NTD self-interact, whereas the CTD does not, consistent with our structural and biochemical data. An FL pSK41 RepA Y2H bait construct was then used to screen a genomic S. aureus Y2H prey library to identify candidate CTD interaction partners. Screening of ∼320,000 transformants (approximately fivefold library coverage) yielded only two strongly positive interacting prey constructs that did not self-activate. Strikingly, sequencing revealed that both contained a DNA fragment encoding residues 81-313 of DnaG primase (Fig. 4E) . However, to directly assay for a RepA CTD-DnaG interaction, FP experiments were carried out. These studies examining the ability of DnaG to bind to a preformed RepA-DNA complex revealed a clear second binding event, indicating that DnaG binds to RepA-DNA (Fig. 4F) .
DnaG primase is a key component of the chromosomal DNA replication machinery, synthesizing RNA primers for leadingstrand DNA synthesis, and is an essential component of the primosome in lagging-strand DNA synthesis. Moreover, DnaG is known to interact with the replicative helicase DnaC; this interaction regulates the activities of both proteins and is critical to primosome formation (23, 36). Y2H baits corresponding to pSK41 RepA NTD (residues 1-120) and CTD (201-319) were constructed and tested against the DnaG prey. An interaction was only detected with CTD, thereby corroborating the previous YH studies. Thus, our data indicate that staphylococcal RepA_N proteins mediate replication initiation by anchoring RepA to the initiation site via NTD-iteron interactions and recruiting the host primase and hence helicase proteins via its CTD. Whereas this is the first example to our knowledge of a plasmid RepA protein loading the primase, previous work by the Bastia laboratory has shown that the monomeric plasmid RepA proteins can recruit host replication proteins, including DnaA and DnaB, suggesting that plasmid RepA proteins have evolved to co-opt the host replication machinery (37, 38).
Conclusions: A "Minimalist" Replication Initiation Model for RepA_N
Replicons. RepA_N initiator proteins are employed by nearly all characterized large staphylococcal multiresistance plasmids as well as plasmids from Gram-positive bacteria including the enterococcal pheromone-responsive plasmids and plasmids from bacilli, lactococci, and lactobacilli. However, how these ubiquitous RepA proteins function in replication has been unknown. Here we reveal the structures of the RepA protein domains as well as the structure of a complex of RepA bound to an iteron DNA site. Remarkably, both RepA domains show structural similarity to the corresponding domains of the S. aureus host primosome protein DnaD. This unexpected finding suggests the intriguing possibility that multiresistance plasmids may have, through horizontal gene transfer, acquired the host DnaD gene and modified it for plasmid-specific functions. Indeed, the RepA NTD function diverged significantly from DnaD to bind DNA rather than mediate self-assembly, as does the corresponding domain in DnaD. Our data show that the RepA CTD is similar to the DnaD CTD in that it harbors a primosome assembly role. However, distinct from DnaD, the RepA CTD binds DnaG, forming a plasmid-specific scaffold for helicase recruitment and primosome assembly.
In summary, our combined data indicate that RepA_N replicons are minimalist replicons that require only the plasmid RepA protein to bind to the origin and facilitate replicon assembly. Binding of the RepA NTD to the origin recruits its attached CTD, which binds the host primosome DnaG, and hence the replicative helicase (23). Thus, RepA_N proteins alone can assemble a functional replicon. A further striking finding from the RepA NTD-DNA structure is its bridging capability, which presents an optimal conformation for plasmid origin handcuffing. Given that RepA_N proteins are essential and conserved in staphylococcal multiresistance plasmids, this molecular dissection of RepA_N proteins may enable the development of urgently needed arsenals of new and highly specific chemotherapeutics to combat the growing threat of multidrug-resistant bacteria.
Methods
The genes encoding the pSK41 and pTZ2162 RepA proteins were purchased from Genscript Corporation and subcloned into pET15b. Proteins were purified via multiple column chromatography steps. Biochemical, structural, and Y2H studies were performed as described in SI Methods. 
ACKNOWLEDGMENTS. We thank

Supporting Information
Schumacher et al. 10 .1073/pnas.1406065111
SI Methods
Crystallization and Structure Determination of the pSK41 and pTZ2162
Replication Initiator Protein RepA N-Terminal Domain. The genes encoding the full-length (FL) pSK41 RepA and FL pTZ2162 RepA proteins were purchased from Genscript Corporation and subcloned into pET15b such that a His-tag was expressed for purification. The pSK41 RepA N-terminal domain (NTD) (1-135) and pTZ2162 RepA NTD (1-136) were generated from the respective FL genes by PCR and subcloned into pET15b such that, again, His-tags were expressed at the N termini of the proteins. Expressed proteins were purified from BL21(DE3) cells using Ni-nitrilotriacetic acid (NTA) chromatography followed by size-exclusion chromatography (SEC). The purified pSK41 RepA NTD, in which the His-tag was removed via thrombin cleavage, was used to obtain two crystal forms. Crystal form 1 (space group I4 1 22) was grown using protein at 10 mg/mL with 3.1 M sodium formate as a crystallization solution. Crystals were cryopreserved using the crystallization reagent supplemented with 20% (vol/vol) glycerol. The structure was solved by single isomorphous replacement with anomalous scattering using data from a thimerosal derivative. The final thimerosal concentration in the drop was 1 mM and the crystal was soaked in the heavy atom solution for 16 h. The heavy atom substructure was obtained and the structure refined in Phenix (Table S1 ) (1). Data were collected at Advance Light Source (ALS) beamline 8.3.1 and the data processed with MOSFLM or HKL3000 (2). There is a single subunit in the crystallographic asymmetric unit (ASU) and the tetramer is generated by crystallographic symmetry. The final model includes residues 4-99 and 105-130 and 29 solvent molecules (Table S1 ). The second pSK41 crystal form (C2) was obtained using protein at 35 mg/mL and 23% PEG 3350 and 0.1 M sodium nitrate as a crystallization solution. The crystals were cryopreserved by supplementing the crystallization solution with 30% glycerol. Data were collected at ALS beamline 8.3.1 and processed with MOSFLM. The structure was solved via molecular replacement (MR) with Phaser using the tetramer generated from the I4 1 22 structure as a search model (3). The structure was built and refined using COOT and Phenix (1, 4) . There are eight RepA NTD subunits in the ASU (two tetramers) and the final model includes residues 4-99 and 105-130 of all eight subunits. Two crystal forms of the pTZ2162 RepA NTD were obtained, one with protein at 8 mg/mL using 1 M sodium citrate tribasic and 0.1 M sodium cacodylate (pH 6.5) as a crystallization reagent and the second with protein at 40 mg/mL using 40% PEG 200 and 0.1 N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) (pH 10.0) as a crystallization solution. The former crystals were cryopreserved with ethylene glycol (20%) and the latter was cryopreserved from the drop. Data were collected at ALS beamline 8.3.1 and the data processed with MOSFLM or HKL3000. The structures were solved by Phaser (3). The final structure for pTZ2162 RepA NTD (crystal form 1) contained residues 2-132 of one subunit and 2-133 of the remaining three subunits and 129 solvent molecules. The tetramer is generated by crystallographic symmetry. The final structure for pTZ2162 RepA NTD (crystal form 2) contains two subunits in the ASU and includes residues 2-132 of each protomer. The tetramer is generated by crystallographic symmetry. See Table S1 for final crystallographic and refinement statistics for the RepA NTD structures.
Crystallization and Structure Determination of the pTZ2162 RepA C-Terminal Domain. A pTZ2162 repA C-terminal domain (CTD) gene encoding the C-terminal 120 residues of the domain was obtained as a codon-optimized gene from Genscript. However, the domain itself did not produce crystals and hence the CTD encoding region was subcloned into the pMALX vector between the NotI and NheI restriction sites to produce an N-terminal maltose binding protein (MBP)-pTZ2162 RepA CTD fusion. The fusion protein was purified using a MBP-Trap column followed by SEC. The MBP-pTZ2162 RepA CTD fusion was crystallized by hanging-drop vapor diffusion using protein at 8 mg/mL and a crystallization solution of 20% PEG 8000 and 0.1 M MES (pH 6.5) and 0.2 M calcium acetate. The crystals were cryoprotected from the drop and data were collected at the Southeast Regional Collaborative Access 22-BM beamline at the Advanced Photon Source (APS) to 3.4 Å. The structure was solved by MR using MBP (PDB ID code 4EDQ) as a search model with the program Phaser (3). Data collection and refinement statistics are given in Table S2 .
Crystallization and Structure Determination of pTZ2126 RepA NTD-DNA Complex. The structure of the pTZ2162 RepA NTD bound to the 32mer Rep box corresponding to Rep Box 2 (5′-AGTCC-AGAAGTTCGAAAATCGAACTTCTGGCT-3′) was obtained to 3.09 Å resolution. For crystallization, the pTZ2162 NTD (at a concentration of 20 mg/mL) was mixed with duplex DNA at a stoichiometric ratio of 1:1 (RepA NTD tetramer:duplex DNA). Crystals could not be obtained using a NTD tetramer:DNA duplex of 1:2. For crystallization the protein-DNA solution was mixed 1:1 with the crystallization solution consisting of 28% PEG 400, 0.1 M sodium/potassium phosphate (pH 6.9), 4% PEG 3350, and 10% polyethylene glycol. The crystals could be cryopreserved straight from the drop. Data were collected at ALS beamline 8.3.1 (3.09 Å). The structure was solved by MR with Phaser using the pTZ2162 2.35-Å tetramer as a search model (3) . After an initial round of refinement, clear density was observed for the DNA. DNA construction was aided by data collected for a 5-iodoracil substituted crystal (where the substituted base is shown in bold above). The structure was refined in Phenix (1) . For data collection and refinement statistics, see Table S2 . Crystals of a pTZ2162 RepA NTD-15mer complex were grown by mixing the NTD with a 15mer DNA that corresponds to an iteron halfsite at a ratio of 1 RepA tetramer to 2 DNA duplexes and combining the mixture 1:1 with 15% PEG 3350, 0.1 M Tris (pH 6.5), and 15% glycerol. Data were collected to 3.6 Å and the structure was solved by Phaser using the pTZ2162 RepA NTD 2.35-Å structure as a search model (3). The structure was minimally refined in Phenix and revealed clear density for DNA bound by each dimer of the RepA tetramer.
Fluorescence Polarization Assays. Fluorescence polarization (FP) assays were carried out in RepA binding buffer [100 mM NaCl, 20 mM Tris·HCl (pH 7.5), and 5 mM MgCl 2 ], which contained 1 nM fluoresceinated DNA. The pTZ2162 RepA CTD (using protein stocks in binding buffer at concentrations of 100 μM-1 mM) was titrated into the solution to assess binding. To ascertain whether the CTD interacts with the NTD-DNA, the NTD (in binding buffer at a stock concentration of 10 μM) was first titrated into the binding solution until saturation was reached. The CTD was then added to the solution. However, binding was not observed even at high (millimolar) concentrations of CTD. Binding analyses of pTZ2162 RepA NTD to the WT DNA iteron was carried out in the same buffer but with 150 mM NaCl. FP assays were performed by titrating the protein (stock solution of 100 μM) into a reaction tube containing 1 nM fluoresceinated DNA and recording the increase in millipolarization. The FP analysis of binding of the WT pTZ2162 RepA NTD to the mutant DNA with the central AT tract replaced with G and C, was carried out under the identical conditions (with the same protein stock), on the same day. To assess the possibility of DnaG binding to RepA proteins, DnaG was purified via Ni-NTA chromatography. The protein was >95% pure as ascertained by SDS/PAGE analysis. To assess DnaG binding to FL pSK41 RepA-DNA, FL RepA (100 μM) was first titrated into the RepA binding buffer containing 1 nM fluoresceinated pSK41 iteron DNA as described above. After saturation was reached, increasing concentrations of DnaG (using a stock solution of 1 mM) were added revealing a clear second binding event. To control for molecular crowding, BSA was titrated in place of DnaG; however, no second binding event was observed.
Isothermal Titration Calorimetry Analyses of RepA NTD-DNA Interactions.
Isothermal titration calorimetry (ITC) experiments were performed using a VP-ITC system. The RepA NTD proteins were first dialyzed extensively into binding buffer [100 mM NaCl, 20 mM Tris·HCl (pH 7.5), and 5 mM MgCl 2 ] and the lyophilized DNA samples were subsequently dissolved in the same dialysis buffer and were annealed by heating to 100°C and slow cooling at room temperature for 24 h. For ITC experiments, 10 μM of DNA was placed in the sample cell and 100 μM Rep NTD protein was titrated into the cell at 25°C. All of the data were analyzed using the ORIGIN7 software provided with the VP-ITC system. SEC Analyses. For SEC studies, 160 nM of RepA NTD was injected into a Superdex S-75 column with a mobile phase of 150 mM NaCl and 20 mM Tris·HCl (pH 7.5). The resultant elution volumes were plotted against a standard curve to determine the relative molecular weights of the samples. The standard curve was determined using the following protein standards: cytochrome C, carbonic anhydrase, alcohol dehydrogenase, and β-amylase.
Small-Angle X-Ray Scattering Analyses of RepA NTD and RepA CTD Complexes. Small-angle X-ray scattering (SAXS) data were collected at the ALS beamline 12.3.1 (SIBYLS) located at the Lawrence Berkeley National Laboratory. Samples were stored in a buffer containing 25 mM Tris·HCl (pH 7.5), 100 mM NaCl, and 2.5% glycerol. The RepA NTD and CTD were concentrated to 7 mg/mL. To obtain a blank, during the process of concentrating each sample the flow-through was collected and used for buffer subtraction. SAXS data were collected for protein samples over a concentration range of 1-7 mg/mL, and the profiles were evaluated for aggregation using Guinier analyses (5) (6) (7) (8) . Data were visualized and analyzed with the program PRIMUS (7). The radius of gyration (R g ) was derived by the Guinier approximation I(q) = I(0) exp(−q 2 R g 2 /3), with the limits qR g < 1.3. The Kratky plot was made by plotting the scattered intensity, I(q), times the square of the scattering angle, q. Samples were determined to be well-folded if the plot displays a parabolic curve, stemming from the derivation from Porod that the integral of [q 2 ·I(q) vs. q] should approach a constant value (5) (6) (7) (8) . SAXS profiles were compared using the program FoXS (8) . The program GNOM was used to compute the pair distance distribution functions, P(r). Overall shapes and envelopes of the CTD were calculated from the experimental data using the program DAMMIN or GASBOR and the models were generated using BUNCH (9, 10) .
SAXS Analyses of RepA NTD-DNA Complex. For SAXS studies examining the pTZ2162 RepA NTD-100 complex a 100mer DNA site containing a central Rep box was used and the protein was mixed at a stoichiometry of one RepA tetramer to two DNA duplexes. Scattering profiles were collected at final concentration ranges of 0.75-4 mg/mL. The scattering plot for the complex was well fit as a model of the NTD sandwiched between two DNA duplexes (Fig. S6) . Inspection of the scattering plots of each sample at the low q range indicates that the complex was aggregated at concentrations above 2 mg/mL. Therefore, only data obtained under 0.75-1 mg/mL were analyzed. The experimental scattering profile was well matched only with a model containing an RepA NTD sandwiched between two DNA duplexes. Most notably, the R g derived from the RepA-DNA data are strikingly similar (87 ± 5 Å) to the calculated value of ∼87 Å from a model of a RepA NTD complexed between two duplexes but not to RepA NTD bound to one DNA site (∼70 Å).
Atomic Force Microscopy Imaging of RepA NTD-DNA Complexes. The pTZ2162 and pSK41 origin regions were placed in a pUC57 vector and 700-bp fragments containing the Rep box regions in their center were generated by PCR amplification of the region 303 bp up-and downstream of the Rep box region. For the experiments examining pSK41 and pTZ2162 RepA binding the iteronic regions 5′-GAAGTGTCAAAAGGACACGTCCAGA-AATGTCAAAAGGACACGTCTAGAAATGTCAAAAGGA-CACGTCTAGAAATGTCAAAAGGACACAC-3′ and 5′-GAG-AAGGACGTTCGATTTTCGAACGTCCAGAAGTTCGAAA-ATCGAACGTCCAGAAGTTCGAAAATCGAACGTCCAGA-AGTTCGAAAATCGAACGTCCAG-3′ were used. For sample deposition, specially modified mica surfaces (APS mica) were used. The APS mica was obtained by incubation of freshly cleaved mica in 167 nM 1-(3-aminopropyl)silatrane as previously described (11) . For data collection, a sample (5-10 μL) was deposited on the APS mica immediately after dilution 30 times with 1× binding buffer [100 mM NaCl, 20 mM Tris (pH 7.5), and 5 mM MgCl 2 ]. The starting stock protein concentrations were 50-100 μM and the DNA was 100 μM. For the experiments shown in Fig. 3 , the RepA protein was mixed at ratio of 4:1 RepA tetramer: DNA duplex. For experiments shown in Fig. S4 , ratios of 10:1 and 8:1 RepA tetramer:DNA was used. After 2 min of incubation on the surface, excess sample was washed off with deionized water and the resultant sample dried with argon gas. Atomic force microscopy (AFM) images in air were acquired using a MultiMode AFM NanoScope IV system operating in tapping mode. Regular tapping mode silicon probes with a spring constant of about 42 N/m and a resonant frequency between 300 and 320 kHz were used.
Construction of a Staphylococcus aureus Genomic Yeast Two-Hybrid
Prey Library. pGADT7 (C1; Clontech) was digested with EcoRI and treated with either Klenow fragment or S1 nuclease before self-ligation to produce pGADT7 constructs (C2 and C3) to enable GAL4 activation domain fusions in each reading frame using the ClaI site. S. aureus RN4220 genomic DNA of was isolated using the Isolate genomic DNA mini kit. Genomic DNA was partially digested separately with the enzymes HinPI, TaqαI, AciI, and AclI and resulting fragments between 0.5 kb and 3.0 kb in length were gel-purified using the Wizard SV gel and PCR clean-up system. Genomic DNA fragments from each digest were cloned into the ClaI site of pGADT7 (C1, C2, and C3) to generate a total of 12 genomic DNA libraries. Escherichia coli TOP10 transformants required for ∼15-fold genome coverage were pooled and grown in 500 mL LB containing Ap. Plasmid DNA of each library was isolated using alkaline lysis/caesium chloride density centrifugation (12) .
Construction of Yeast Two-Hybrid Baits and Preys. Coding regions of baits were cloned in frame with the GAL4 DNA-binding domain in pGBKT7. For FL pSK41 RepA, the gene was amplified using the primers Rep41-HB1 (5′-GGAATTCTCTAAACAATTTT-TTACAGTAGAAG-3′) and Rep41-HB2 (5′-AAACTGCAG-AATTAAATAGAGATAATGGATTG-3′) and cloned into pGBKT7 using EcoRI and PstI. The pSK41 RepA CTD bait was similarly generated using primers Rep41-HB6 (5′-GGAATT-CTCAAATATTCATGATAAAG-3′) and Rep41-HB2, whereas the pSK41 RepA NTD bait was constructed using primers Rep41-HB4 (5′-GGGGCATATGTCTAAACAATTTTTTACA-GTAGAAG-3′) and Rep41-HB5 (5′-CCCCGGATCCAGT-TTGTAAGGCCTCAACTTCATTTTC-3′) with the enzymes NdeI and BamHI. Coding regions of preys were cloned in frame with the GAL4 activation domain in pGADT7. For FL pSK41 RepA, subcloning of the rep fragment was performed by digestion of the RepA bait construct described above with PstI, using Klenow fragment, and release of the rep fragment by digestion with NdeI, which was then cloned into the NdeI and SmaI sites of pGADT7. pSK41 RepA NTD was cloned into pGADT7 using Rep41-HB4 and Rep41-HB5 and NdeI and BamHI.
Yeast Two-Hybrid Screening and Analysis. Bait and prey plasmid constructs were transformed into Saccharomyces cerevisiae AH109 using the lithium acetate method described in ref. 13 . For library screens, sequential transformation was used to introduce the bait construct first, before large-scale transformation with the 12 genomic DNA libraries. Transformants were plated on low stringency selection media (SD/−Trp/−Leu/−His) and incubated at 30°C for 5 d. Serial dilutions of the transformation were also prepared and plated onto SD/−Trp/−Leu to calculate the total number of transformants screened. Yeast colonies that arose on lowstringency selection media were replica-patched onto highstringency selective media (SD/−Trp/−Leu/−His/−Ade/X-gal) and those exhibiting MEL1 α-galactosidase activity were grown overnight in 10 mL SD/−Trp/−Leu/−His. Plasmids were isolated from the cultures using the Isolate plasmid mini kit after cell lysis had been induced with lyticase. Prey plasmids were then propagated in E. coli and the interaction was retested by transforming preys into S. cerevisiae AH109 already containing either empty pGBKT7 or bait-containing pGBKT7. Preys that activated all yeast reporter genes in the presence of the bait-containing pGBKT7 and not empty pGBKT7 were sequenced using T7 (5′-TAATAC-GACTCACTATAGGGC-3′) and 3′AD (5′-AGATGGTGCAC-GATGCACAG-3′) primers. Interaction between various baits and preys were also directly analyzed by cotransformation of the two plasmids to be tested into S. cerevisiae AH109 and plating on lowstringency selection media. Colonies that arose were then replicapatched onto high-stringency media to confirm the interaction. , and pPI-1 (NP_940781.1). The secondary structural elements derived from the pSK41 and pTZ2162 RepA NTD structures are displayed above the sequence. The residues are colored as follows: basic, magenta; acidic, blue; hydrophobic, red; polar, green; glycine and glutamine, black. Below, the height of the amino acid residue in the alignment indicates its degree of conservation, where highly conserved residues are shown as larger representatives than less-well-conserved residues. Residues involved in oligomerization are indicated by a black asterisk. Amino acids mediating phosphate contacts to the DNA have red asterisks over the residue and the glycine in the wing is boxed, indicating its strong conservation. (1) . The DNA sequencing ladder is shown on the left and was generated using the same labeled primer. Binding reactions were performed with 0, 0.5, 1, and 5 μg purified RepA NTD before partial digestion with DNase I. The numbered arrows denote the location of the Rep iterons (boxes) as read 5′ to 3′ from the coding strand. Below is shown a summary of the DNase I protection pattern. The protected bases correspond to the four direct repeat sequences that represent the Rep boxes (horizontal arrows). Bases are highlighted based on the type of protection observed: black, protected bases; gray, hypersensitive bases; nonhighlighted, unprotected bases. Note, the striking repetition of protection observed for each iteron, indicating that each box is similarly bound by a RepA molecule. The experimental scattering profile compares well to that of a model of RepA NTD complexed between two DNAs. Moreover, the R g approximation within the Guinier region (q·R g < 1.
3) of the data shows that the R g determined from the data (87.0 ± 6.0 Å) matches well to the calculated value of the model, which is ∼87 Å. 
